Poly(adenylic acid) sequences have been isolated from the Gram-negative bacterium Caulobacter crescentus. Most of these A-rich tracts are associated with large RNA molecules that constitute an important fraction of the unstable RNA in these bacteria, and, as estimated by poly(U) filter binding, they are not present in the 16S or 23S ribosomal RNA. Preliminary estimates of size from polyacrylamide gel electrophoresis suggest that the majority of the A-rich tracts ranges from 15 to approximately 50 residues in length.
Poly(A) tracts are ubiquitously associated with a large fraction of the heterogeneous nuclear RNA and messenger RNA in mammalian cells (see review, ref. 1) , and they are also found in yeast (2) , slime mold (3), and plant cells (4) . Their presence in Escherichia coli has not been established (5) , however, and poly(A) has generally been considered a characteristic of the eukaryotic cell. We now report the presence of poly(A) tracts in the RNA (6) of the Gram-negative bacterium Caulobacter crescentus (see reviews 7 and 8) . These sequences are shown to compose a significant fraction of the rapidly labeled RNA of this prokaryotic organism.
MATERIALS AND METHODS
Cell Growth. C. crescentus, strain CB15 (ATCC 19089), was generally grown in M3 salts (7) supplemented with 2 g of glucose per liter. Cells to be labeled with 32pQ4 were grown in G1, an imidazole-buffered medium (9) with 0.5 mM phosphate, and later transferred to G1 medium that contained 0.05 or 0.1 mM phosphate for labeling. E. coli K12, strain D10, was grown in M63 medium as described previously (10) .
Labeling. Cells were labeled with32PO4 ( Ci/mmol), as described below. The radioactivity of samples was generally measured in a toluene-based scintillation fluid after precipitating on filters with 10% trichloroacetic acid and washing with ethanol.
Purification of RNA. Labeling of cultures was terminated by addition of an equal volume of cold buffer (10 mM TrisHCl, pH 7.5, 5 mM MgCl2, and 10 mM sodium azide), and the cells were collected by centrifugation and resuspended in the same buffer. Following the addition of deoxyribonuclease (25 ug/ml) and lysozyme (800,ug/ml) the cells were broken by freezing and thawing. The solution was adjusted to 2% tri-isopropylnapthalene-sulfonic acid (Eastman Kodak Co.) and to 0.1 M Tris. HCl, pH 9, and then extracted with an equal volume of buffer-saturated phenol at 4°. The phenol phase was reextracted with the 0.1 M Tris buffer, the two aqueous phases were combined and adjusted to 0.1 M sodium acetate, and the RNA was precipitated with 3 volumes of ethanol. The resuspended RNA was treated for 60 min at 40 with 25 ug/ml of deoxyribonuclease and extracted two additional times with buffer-saturated phenol.
Isolation and Estimation of Poly(A)-RNA. The amount of poly(A)-RNA in purified RNA preparations was estimated either by the method of Sheldon et al. (11) or by a modification of this method in which the RNA is applied directly to poly(U) filters in a small volume of binding buffer (12) . Poly-(A) and poly(A)-RNA were isolated on oligo(dT)-cellulose columns as prepared and described by Kates (12) .
Enzyme Digestion. Enzyme digestion with pancreatic ribonuclease A (Sigma), ribonuclease T1 (Worthington Biochemicals), and ribonuclease T2 (Sigma) was carried out as described (12) on RNA samples that had been heated for 10 min at 80°and chilled rapidly.
RESULTS
Detection of Poly(A) in C. crescentus. Poly(A)-containing RNA was readily detected in RNA prepared from whole cells by means of the poly(U) binding method (Materials and Methods). An exponentially growing culture of C. crescentus was labeled for either 30 sec or 30 min with [8H]adenosine and the RNA was purified by phenol extraction and then assayed for binding to poly(U) filters (Table 1) . At least 90% of the labeled material retained by the filters could be eluted with water, and essentially all of the radioactive materials applied to the filters was labile in 0.5 N KOH at 37°. When RNA from 30 sec pulse-labeled E. coli cells was examined under comparable conditions, the levels of poly(U) binding were very low compared to those for C. crescentus (Table 1) . No binding could be detected in experiments when the cells were labeled under effective chase conditions (30 min label, see Table 1 ). Perry et al. (5) have attributed low levels of poly(U) binding from E. coli RNA to nonspecific adsorption to filters. The possibility must be left open, however, that these bacteria contain unstable poly(A) molecules, or that they have some RNA with A sequences too short to be detected by these methods.
Kinetics of Synthesis. Table 1 shows that the fraction of RNA that bound to poly(U) filters was significantly higher when the cells were labeled for 30 sec than when they were labeled for 30 min. This suggested that the poly(U)-binding (12), and the second set was eluted with 5 ml of distilled water at 570 before measuring radioactivity.
t After treatment of RNA from this preparation (1.7 X 104 cpm) with 0.5 N KOH for 30 min at 300 no radioactive label was recovered as acid-precipitable material.
['H]Adenosine is exhausted after 5-10 min of labeling under these conditions (20 uCi/ml without added carrier).
RNA is less stable than the bulk of RNA in C. crescentus. We confirmed this conclusion by following the accumulation of [3H]adenosine into total RNA and poly(A)-RNA of exponentially growing cells ( Fig. 2 , and the RNA was collected by ethanol precipitation and then assayed by binding to poly(U). The bulk of the poly(A)-RNA sedimented between 4 and 5 S and 16 S. Most of the rapidly labeled RNA (presumptive messenger RNA) also sediments in this-region of the gradient (3 min pulse, Fig. 2A ), but at a somewhat higher average S value. Comparison of Poly(A)-RNA and Poly(A) on Gel Electrophoresis. The size distributions of the poly(A)-RNA and the reisolated poly(A) tracts were compared by electrophoresis on 10% polyacrylamide gels. The poly(A)-RNA ran as a heterodisperse material between the 4S region and the top of the gel (Fig. 3) . Since molecules larger than about 120,000 daltons would be excluded from the gel, 70-80% of the isolated poly- (A)-RNA would have a maximum length of 400 nucleotides, and the RNA not entering the gel would represent longer molecules. Thus, the bulk of the poly(A)-RNA, at least in these preparations, appears shorter than would be expected for the general population of messenger RNA molecules (see also Fig. 2) . The poly(A) tracts examined under the same conditions migrated considerably faster than the poly(A)-RNA to give a single peak between the 4S RNA and the dye marker (Fig. 3) . Electrophoresis on 14% polyacrylamide gels (Fig. 4) showed the poly(A) running as a broad band between the 4S peak and (rA)lo and (rA)15 standards. These findings are preliminary at this point, but they do suggest that the poly(A) tracts synthesized by C. crescentus during 45 min of labeling (1/3 generation) are significantly shorter than those found previously in eukaryotic cells. The size indicated here for both the poly(A)-RNA and the poly(A) tracts are minimum estimates for the molecules in vivo, however, since we have not eliminated the possibility of limited nuclease action during the isolation of the RNA from whole cells.
The sharp decrease in the 3H/'2P ratio of the enzymetreated RNA (Figs. 3 and 4) suggests that ribonucleases A + T1 have in fact preferentially digested the non-poly(A) se- (Fig. 1) . Second, the poly(A) remaining after ribonucleases A + T1 treatment is drastically reduced in size compared to the intact poly(A)-RNA (Fig. 3) . Finally, the sedimentation profile of poly(A)-RNA isolated from oligo-(dT)-cellulose columns is essentially unchanged as a result of either heat denaturation or treatment with dimethylsulfoxide (unpublished). The latter results indicate that the short A sequences are covalently bound to the larger RNA molecules.
Length estimates for the A-rich regions in C. crescentus RNA are tentative at this point. The mobility of the poly(A) on polyacrylamide gel suggests a size distribution ranging from approximately 15 to 50 nucleotides for the majority of molecules. The lower limit for tight binding to either poly(U) filters or oligo(dT)-cellulose is generally considered to be 20 nucleotides (5, 14) . It might be expected, however, that A sequences of 13 to 20 residues would also bind, but much less stably than the longer A tracts (14) .
The A sequences isolated from C. crescentus RNA are short compared to those found in eukaryotic cells. The length of the A tracts have been estimated as 200 in mammalian cells (1) , 100 in Dictyostelium discoideum (15) , and 50 in yeast (2) . The tracts in all of these organisms are located at the 3' terminus of the RNA. These sequences are added post-transcriptionally to the RNA, but an A tract of 25 nucleotides that is coded for by the genome has also been identified in D. discoideum (16) . Another interesting observation in light of our findings with C. crescentus is the report of poly(A) tracts in the mitochondria of mammalian (17) and insect (18) cells. Many characteristics of these organelles, especially the biochemistry of the protein synthesizing apparatus, suggest that they may have evolved from a. prokaryotic cell type, and, interestingly enough, the A tracts synthesized in mitochondria are much shorter than those attached to the messenger
